To study railway vehicle motion against earthquake vibration by numerical simulations 1) ～ 3) , we developed a program that was suitable for replicating vehicle behavior on a vibrating track. This program is capable of analyzing vehicle motion when wheels jump from the rails or when the carbody tilts to the point of overturning. Vehicle dynamic behavior was analyzed using this simulation program while the track was being vibrated in both lateral and vertical directions.
We proposed tentative running safety limits corresponding to the frequency response of the vehicle system running on a vibrating track, which show the critical amplitude of track vibration at each frequency. It was plainly visible that the lateral vibration was the dominant vehicle behavior near the running safety limits. The results of the simulation are now effectively used for the design of railway structures 4) . On the other hand, no full-scale model study results exist that show vehicle behavior under large-amplitude vibrations like those of an earthquake. In this study, a vibration experiment using a full-scale half carbody equipped with a real Shinkansen bogie was carried out on a large-size, tri-axial vibration test rig. The aims of the experiment were to investigate vehicle motion when a wheel jumps the rail on a vibrating track and to verify the adequacy of the simulation. In this report we show the contents and results of the experiment, and verify the results of the simulation. We carried out an experiment in which a full-scale vehicle with a real bogie was subjected to large-amplitude vibrations. Figure 1 shows the test object on a vibration test rig. The test object was composed of a half carbody and a real Shinkansen bogie set on a real track, the total mass of which was 35,000 kg. The test object had a frame to prevent it from toppling over. Although an actual carbody is suspended on four secondary air springs, the tested half carbody had only two. Therefore, an anti-fall mechanism was installed to limit the carbody's longitudinal displacement and yaw and pitch angles. Air was supplied to the air-springs from a compressor placed outside the vibration test rig.
The gauge was 1435 mm, and the track length 5 m. Four anti-derailment guards were installed between standard Japanese 60 kg rails, which were fitted on a special sleeper with a direct Type 8 fastening device. Four oil-actuators were set at the wheel side to return the gauge center. The tri-axial vibration test rig used, which is owned by the Obayashi Corporation, has a maximum load of 50,000 kg, measures 5 m × 5 m, and permits a maximum vibration acceleration of 3G.
The main vibration test was a lateral sinusoidal wave vibration at a constant frequency and amplitude. Five waves were used before and after transient waves, which were to decrease the impact of acceleration at the onset of vibration. The lateral and vertical vibrations were at the same frequencies with a phase delay, the vibration tests being carried out at frequencies ranging from 0.5 Hz to 2.0 Hz. In the tests, the amplitude was gradually increased at each frequency until it became possible to confirm that the wheels were jumping. In these tests, the maximum vibration acceleration recorded was 1.2 G. Figure 2 shows a case where the right wheel jumped from the rail at a lateral vibration frequency of 0. We are developing a simulation program that investigates the dynamic behavior of railway vehicles during earthquakes. A feature of this program is that it deals with large vehicle displacements and cases where wheels jump from the rail. For numerical simulations on a vibrating track, a Shinkansen vehicle consists of a carbody, two trucks and four wheelsets. We have developed a new simulation model that matches the experiment set-up. Figure 3 shows a model that has a carbody, a truck and two wheelsets. Each body has six degrees of freedom, connected with springs and dampers. The numbers in T T T T Table 1 Table 2 ) able 2) able 2) able 2) able 2) Table 2 . The anti-fall mechanism constitutes a model to suspend the carbody by a stiff rotary spring in both the yawing and pitching directions. Other spring and damper elements were modeled as depicted by a broken line in Fig. 4 . As an example, Fig. 4 shows the characteristics of the lateral stopper between the truck and the carbody. The coefficient of the metal contact stopper was set at 20 to 30 MN/m to represent stiff springs, the lateral damper between the truck and carbody being modeled to have a spring in series. The evaluation criterion was set for a case where a wheel has jumped over 3 mm from the rail. The amplitude at each vibration frequency when this evaluation was made was assumed to be a safety limit. The lateral axis in Fig. 5 was the frequency for input, and the longitudinal axis was the critical amplitude when a wheel met the evaluation criterion. This graph was regarded as representing the safety limits. "Lateral" in Fig. 5 shows the result of lateral vibration tests. The critical amplitude at each frequency when the vertical vibration of the track was added to the lateral vibration is shown as "Lateral+Vertical." The amplitude of vertical vibration was 15 % that of the lateral vibration. The frequency of vertical vibration was the same as that of the lateral vibration with 90 degree delayed in phase. Figure 5 shows that the differences between "Lateral" and "Lateral+Vertical" results were small. The critical amplitude of the vehicle depends on the characteristics of lateral vibration. Figure 6 shows the roll angle and the lateral displacement behavior of the carbody at the lateral vibration frequencies of 0.7 Hz and 2.0 Hz. Figure 7 plots the maximum wheel load and the maximum lateral force measured in the test near the amplitude safety limits in lateral vibration. The roll angle and the lateral displacement are offset in phase at 0.7 Hz in Fig. 6 (a) . This phase matches 2.0 Hz in Fig. 6 (b) . This phase describes the carbody's mode of roll motion. For instance, in the low frequency area around 0.7 Hz, lower center rolling of the carbody occurred, and the maximum wheel load was much larger than the maximum lateral force. In the high frequency area above 1.4 Hz, the wheel flange was caused to collide with the rail, and a large lateral force was generated at the contact point. A higher center rolling of the carbody and derailment following a jumping of the tracks occurred at a frequency of 2.0 Hz.
Simulation verification Simulation verification Simulation verification Simulation verification Simulation verification
The safety limits of the simulation model in the lateral vibration that used designed values were presented as the mark "Design" in Fig. 8 . The mark "Experiment" in Fig. 8 is the same as the mark "Lateral" in Fig. 5 . These results indicate that the calculation of the safety limit by simulation is valid.
In addition, "0.8ktz" noted in Fig. 8 shows another result of simulation in the case where the vertical coefficient of the secondary suspension spring was reduced by 20 %. As a result of a parameter study, in the frequency range 0.8 Hz to 1.0 Hz, "0.8ktz" is closer to "experiment" than "design." The secondary suspension spring may be softer than the design value of below 1.0 Hz. The result of the experiment was compared with a simulation result. Figure 9 shows that lateral acceleration of the carbody, vertical displacement of wheel, wheel load and lateral force in the left and right wheels, and lateral displacement of the vibration test rig are part of the results gained by experiment (a), and simulation (b), at the frequency of 0.5 Hz, amplitude of 300 mm in lateral vibration. This result of simulation used the coefficient of secondary spring of "0.8ktz". Figure 3 involved the same testing as that in Fig. 9 , at a frequency of 0.5Hz, when the wheel rose due to the lower center rolling of the carbody, to reach the safety limit.
In the experimental result, the initial wheel load was slightly unbalanced, and wheelsets shifted slightly from the center on the track. The vertical wheel displacement was converted from the vertical difference between the axlebox and the vibration test table. As mentioned above, the experiment setup was a little different from that of the simulation. The wheel jumped from the rail when the body shook violently, and a large wheel load and lateral force were generated in the opposite wheel. From the vehicle dynamics standpoint, the shape of the waves that significant wheel loads, lateral forces and accelerations exerted on the carbody corresponded with the results of both the simulation and the experiment. The experiment with a full-scale vehicle model with a real bogie on a tri-axial vibration test rig was a success. This study clarified the dynamic behavior of a vehicle when a wheel jumps a vibrating track. The results of simulation analysis agreed with those obtained from the experiment, and the simulation program confirmed the validity of the analysis. The experimental results and the simulation program are going to contribute to the improved safety of railway vehicles.
